Dendrites can be damaged by a number of insults. After a stroke, in the region adjacent to the site of ischemia known as the penumbra or peri-infarct, neurons exhibit abnormalities in dendrite shape and architecture such as blebbing and beading (Hori and Carpenter 1994; Brown et al. 2008; Li and Murphy 2008; Murphy and Corbett 2009) . Traumatic brain injury, often observed in athletes and soldiers, also can cause dendritic damage (Gao et al. 2011; Xiong et al. 2013) . Perinatal hypoxia causes simplification of Purkinje neuron dendrites in mice (Zonouzi et al. 2015) . Defects in dendrite morphology and electrophysiology are observed early in mouse models of Huntington's disease, after behavioral symptom onset but before neurodegenerative cell death begins (Klapstein et al. 2001) .
While dendrite injury is clearly clinically relevant, almost nothing is known about whether and under what conditions dendrites might be able to recover after injury. One of the only studies on dendrite regeneration comes from Ramon y Cajal (1928) , who observed that there were different potential responses to dendrite injury. Ramon y Cajal (1928) observed no dendrite regrowth or the formation of retraction bulbs following a slicing injury across the dendrite arbors of pyramidal neurons in the ce-rebral cortex or the spinal cord gray matter. However, the growth of new dendrites was evident after contusion injury to the spinal cord. These observations indicate that, depending on the neuron type and form of injury, some neurons are capable of regenerating their dendrites while others cannot, likely due to a combination of cell-intrinsic and environmental factors. While cultured neuron assays in which axons and dendrites regrow after dissociation have advanced our understanding of many topics of neuronal cell biology (Barnes and Polleux 2009) , they lack the environmental context of in vivo observations. Dendrite arborization (da) neurons are sensory neurons in the Drosophila larval peripheral nervous system (PNS) that can be grouped into four classes based on the classspecific expression of genes and the complexity of their dendrite arbors . Class I da neurons have the simplest dendritic arbor, while class IV da neurons have the most complex arbor (Grueber et al. 2003a ). The development of these arbors is highly stereotyped by class and neuronal identity. Class I neurons form new branches only during embryogenesis and early larval development, while class IV da neurons continuously form new branches throughout larval development as they scale with the growth of the animal. Notably, class III and class IV dendrites tile the entire body wall, with each neuron responsible for covering one section of a hemisegment without crossing over the dendrites from adjacent neurons (Grueber et al. 2002) . Within that territory, dendrites avoid crossing over other branches from the same neuron (Grueber et al. 2003b) . Later, during the pupal stage, some of these arbors are pruned to make way for the growth of adult dendrites, while other neurons die (Kuo et al. 2005; Williams and Truman 2005) .
Previous studies have shown that at least some of these da neurons are capable of regrowing dendrites after injury, and one has shown that the canonical axon injury-sensing pathway DLK/Wallenda is dispensable for dendrite regeneration (Sugimura et al. 2003; Song et al. 2012; Stone et al. 2014 ). However, little was known about the properties and the quality of the regenerated dendrites. Here, in order to understand how neurons recover from dendrite injury, we used the wealth of knowledge about normal dendrite patterning of da neurons to explore fundamental features of dendrite regeneration and define the ways in which regenerated dendrites are similar to and different from dendrites of uninjured neurons.
Results

Sensory neurons regenerate branch number but not architecture after injury
To study dendrite regeneration after dendrite injury, we selectively remove all of the dendrite branches of da neurons in Drosophila larvae using a two-photon laser. This "balding" injury does not kill the neuron but instead allows us to examine the response of a neuron to an extreme insult in intact animals, as shown previously (Stone et al. 2014) . We balded the neuron, imaged it 24 h later when neurons have begun to re-establish some dendrites to confirm the injury (Supplemental Fig. S1A ), and then imaged it again 2 d later (72 h after injury) to assess the extent of regeneration ( Fig. 1A) . By 72 h after balding, neurons had regenerated many dendrite branches (Supplemental Fig. S1A) . We compared these balded neurons with mock-injured control neurons, which are uninjured neurons within the same larvae. These control neurons are therefore perfectly matched for developmental stage and growth conditions and have gone through the same process of repeated mounting for microscopy. To quantify the extent of growth after balding or mock injury, we counted the number of branches, measured the total length of the dendrite arbor, and determined the size of the territory covered by the dendrite arbor. This study thus goes beyond what had been reported previously, which counted only the fraction of neurons that exhibited any dendrite growth after balding without either quantification of the amount of growth after injury or comparison with uninjured neurons (Song et al. 2012; Stone et al. 2014) .
We began by examining the regeneration of the ddaC subtype of class IV da neurons. In order to eliminate competition with adjacent uninjured neurons, we ablated the neurons to the anterior and posterior of the balded neuron of interest. We found that, in the absence of invasive growth from adjacent uninjured neurons, the class IV da neurons balded at 48 h AEL (after egg laying) regenerated the correct number of dendrite branches to match an uninjured neuron but covered only approximately half of the territory that an uninjured neuron covers ( Fig. 1B-E ). Sholl analysis showed that these regenerated arbors are more densely branched close to the cell body ( Fig. 1F ). Thus, while balded neurons can regenerate the correct number of dendrite branches, the morphology of this new arbor is drastically different from that of an uninjured arbor, covering only half the territory.
Class I da neurons extend a simple arbor early in development and do not continue to form new branches during the later larval stages. As the larva gets bigger, the scaling growth of class IV da neurons includes both forming new branches and lengthening of existing branches, while class I da neurons only lengthen existing branches. In agreement with a previous study (Stone et al. 2014) , we found that the normally stable ddaE class I da neurons regrow new branches to match the number of branches of an uninjured neuron ( Fig. 2A ). However, we found that regenerated arbors have a very different architecture, including a much shorter total branch length and altered organization, as compared with uninjured dendrites. Thus, regeneration of the correct number of branches, but not the morphology of an uninjured arbor, is characteristic of both class IV and class I da neurons.
To see whether the developmental stage altered the architecture of the regenerated class IV dendrites, we balded ddaC neurons at earlier stages of larval development without ablating the adjacent uninjured neurons. At all stages examined, including just after hatching (28 h AEL), later first instar (36 h AEL), and second instar (48 h AEL), all class IV da neurons were capable of regenerating their dendrites (Supplemental Fig. S1H -L). These younger neurons formed enough new branches to reach the same number of branches as an uninjured neuron (Supplemental Fig. S1I ). We observed significant invasion by the adjacent uninjured neurons into the balded neurons' territory, similar to the invasion by adjacent uninjured neurons into the newly unoccupied territory of a neuron that had been recently ablated (Parrish et al. 2009 ).
To test whether older neurons lose regenerative competence, we balded class IV neurons at 72 h AEL, when invasion by adjacent uninjured neurons growing into newly vacated territory is minimal (Parrish et al. 2009 ). After balding, neurons still exhibited robust regrowth of their dendrites (Supplemental Fig. S1B ,C,F), although not enough to catch up to uninjured neurons. Notably, the branch number and total length increased to the same degree with or without injury (Supplemental Fig. S1D ,E). Regenerated arbors were still smaller in total size and more dense near the cell body than uninjured arbors (Supplemental Fig. S1G ).
A subset of class I and class IV da neurons persists after metamorphosis, including the class I neuron ddaE and the class IV neuron ddaC; they undergo developmental pruning and regenerate their arbors for the adult animal To test whether only neurons destined to persist after metamorphosis would be able to regenerate dendrites after injury during the larval phase, we balded neurons that die during metamorphosis instead of regenerating, specifically the class III da neuron ddaA and the class IV da neuron vdaB (Williams and Truman 2005) . We found that, similar to the class I neuron ddaE and class IV neuron ddaC, which undergo pruning and regrowth in the pupae, all of the class III ddaA neurons and the class IV vdaB neurons that die during the pupal phase were able to regrow new dendrites in the larvae after balding ( Fig. 2B ,C).
Using class I da neurons, we studied the relationship between developmental branching and after-injury dendrite branching. We found that RNAi-mediated knockdown of Akt, which causes underbranching phenotypes in uninjured neurons, also resulted in less regenerative branching after a dendrite branch was cut off (Supplemental Fig. S2A ). Similarly, manipulations that cause overbranching phenotypes in uninjured neurons, such as the ectopic expression of the transcription factors cut or knot/collier, also resulted in overbranching after injury (Supplemental Fig. S2B ; Grueber et al. 2003a; Kim et al. 2006; Hattori et al. 2007; Jinushi-Nakao et al. 2007; Crozatier and Vincent 2008) . Thus, the mechanisms that determine branch number during early development also determine branch number after injury.
Regenerated dendrites violate self-avoidance
The dendrite arbors of class III and class IV da neurons cover the body wall of the larvae. An essential feature that allows them to cover the body wall is that these dendrites self-avoid, meaning that dendrite branches do not touch or cross over other branches of the same neuron (Grueber et al. 2003b ). Self-avoidance and tiling allow for nonredundant detection of sensory stimuli by dendrite arbors that do not overlap. Compared with uninjured neurons, we found that regenerated arbors show a dramatic increase in the number of dendrites crossing over sister branches of the same arbor ( Fig. 3A , quantified in E). Fine Z optical sectioning can distinguish between dendrite self-crossing events where branches are in contact with one another (contacting crossings) and self-crossing events where branches are not in contact with one another when one branch has grown above or below the two-dimensional (2D) layer where dendrites normally exist between the extracellular matrix (ECM) and epidermal cells (noncontacting crossings) (Supplemental Fig. S3A ; Han et al. 2012 ). These two types of morphological patterning defects are normally prevented by two distinct mechanisms. Noncontacting crossings are prevented by integrin-mediated adhesion to the ECM, which restricts dendrites to the 2D plane between the ECM and the epidermal cells Kim et al. 2012) . Contacting crossings within that 2D plane are prevented by contactmediated repulsion by the transmembrane protein DSCAM (Hughes et al. 2007; Matthews et al. 2007; Soba et al. 2007 ). In neurons that had been balded at 72 h AEL, we found an increase in both contacting and noncontacting self-crossings as compared with uninjured neurons (Fig. 3A , quantified in E).
To determine the mechanism that allows regenerating dendrites to ignore the patterning cues that confer selfavoidance, we tested three approaches to restore selfavoidance to regenerated dendrites. First, we reasoned that self-avoidance pathways present in younger neurons could have been shut off in the older neurons reforming arbors after balding. To address this, we balded younger neurons at 48 h AEL but found that the self-avoidance defects were worse in the regenerated arbors of younger neurons ( Fig. 3B ). This suggested that the self-crossing defects of regenerating dendrites are not the result of developmental shutoff in older neurons.
In a second approach, we overexpressed integrins to suppress noncontacting crossings. Integrins located on the dendrite plasma membrane mediate adhesion to the ECM. The Drosophila genome has five integrin α subunits (encoded by mew, inflated, scab, αPS4, and αPS5) and two integrin β subunits (encoded by mys and βint-ν) (Brower 2003) . As seen previously, we observed that overexpressing the integrin α and β subunits mys and mew eliminates the rare noncontacting crossings of uninjured neurons ( Fig. 3C , quantified in E, "mock"; Han et al. 2012) . We tested whether this integrin overexpression could rescue the noncontacting self-crossings observed in regenerated neuron arbors but found that, instead of rescuing self-crossings, the absolute number of self-crossing events was increased by integrin overexpression. Rather, the balance of self-crossing events in regenerated arbors was shifted from being evenly split between contacting and noncontacting crossings in wild type to mostly contacting crossings when integrins were overexpressed ( Fig. 3C , quantified in E). In the presence of integrin overexpression, regenerated dendrites sometimes even fasciculated together into dendrite bundles, adhering strongly to the ECM and failing to respect contact-mediated repulsion pathways. Dendrite fascicles were never observed in uninjured neurons. Thus, while not able to eliminate crossings, integrin overexpression transformed many self-crossings into contacting self-crossings, resulting in decreased coverage of the body wall territory (Supplemental Fig. S3C ).
In a third approach, we overexpressed DSCAM to suppress contacting crossings. The transmembrane protein DSCAM, which exhibits extensive alternative splicing, prevents contacting crossings (Hughes et al. 2007; Matthews et al. 2007; Soba et al. 2007) . As there are very few contacting crossings in wild-type neurons to begin with, overexpressing a DSCAM splice isoform has little effect on the self-crossings of uninjured neurons (Fig. 3D , quantified in E). In regenerated arbors, almost all contacting crossings are eliminated when DSCAM is overexpressed, shifting the balance to all noncontacting self-crossings ( Fig. 3D , quantified in E) without reducing the absolute number of self-crossing events. Thus, both integrin overexpression and DSCAM overexpression fail to rescue the total number of self-crossing events and instead antagonistically shift the balance of self-crossing events between contacting and noncontacting crossings. Altogether, this suggests that regenerating dendrites override multiple kinds of patterning cues to violate self-avoidance during regrowth, resulting in an arbor with a different architecture than an uninjured neuron.
We wondered how well the self-avoidance transmembrane proteins might be trafficked in regenerated dendrites. We looked at the localization of the GFP-tagged DSCAM transgene, which eliminates contacting crossings in regenerated neurons ( Fig. 3D , quantified in E). In uninjured neurons, DSCAM-GFP is present in punctate accumulations in both the primary and terminal branches of class IV da neurons (Supplemental Fig. S3D , top row; Soba et al. 2007 ). In regenerated arbors, DSCAM-GFP is present in many but not all primary and terminal branches as well (Supplemental Fig. S3D , middle and bottom rows).
Time-lapse imaging showed that dendrite tips encountering other branches of the same dendrite arbor are likely to turn or retract . Given the defect in self-avoidance, we asked whether regenerated dendrite tips exhibit normal extension/retraction dynamics when they encounter another branch of their same arbor. We found that regenerated dendrites have more total encounters with other branches of the same arbor over a 30-min imaging period and that a greater fraction of those branch tips will fail to turn away or retract after the encounter (Supplemental Fig. 3E ). Wild-type neurons balded at 72 h AEL (A) or 48 h AEL (B) regenerate dendrites with significantly more contacting (dark-purple arrowheads) and noncontacting (light-purple arrowheads) self-crossings than uninjured arbors. n = 10 mock wild-type neurons and 9 balded wild-type neurons at 48 h AEL. (C) Overexpressing the integrin subunits mys and α-PS1 rescues noncontacting self-crossings in uninjured neurons but, in regenerated dendrites only, increases the number of contacting self-crossings. (D) Overexpressing a DSCAM splice isoform in regenerating neurons increases the fraction of noncontacting crossings but does not rescue the total number of selfcrossings. (E) Quantification of contacting (dark purple) and noncontacting (light purple) self-crossings in wild-type, integrinoverexpressing, and DSCAM-overexpressing neurons uninjured or balded at 72 h AEL. n = 6 wild-type mock neurons, 6 wild-type balded neurons, 8 integrin mock neurons, 9 integrin balded neurons, 5 DSCAM mock neurons, and 4 DSCAM balded neurons. For both graphs, comparisons between mock versus bald neurons of the same genotype of the same type of self-crossing (contacting in dark purple or noncontacting crossings in light purple) are labeled within the bars by one-way ANOVA with Sidak's multiple comparisons test. ( * ) P < 0.05; ( * * ) P < 0.01. Comparisons of the fraction of all crossings that are contacting crossings are labeled above the bars by one-way ANOVA with Sidak's multiple comparisons test. ( * * ) P < 0.01. Bar, 50 μm.
Regenerated dendrites restore partial function
In order to test whether regenerated dendrites are functional, we filleted Drosophila larvae and recorded action potentials from class III neurons in response to a gentle touch stimulus. Class III da neurons have been shown to fire a burst of action potentials in response to a poke from a probe stimulus, with increasing displacements resulting in more spikes (Yan et al. 2013) . We compared class III ddaA neurons that had been recently balded (∼ 5 h prior to recording) with control uninjured neurons and neurons that had been allowed 3 d to regenerate after balding. We applied the probe stimulus to one of two locations on the fillet: near the cell body where the dendrite arbor is densest and far from the cell body at the hemisegment boundary where regenerated dendrites often fail to reach. We found that recently balded neurons, which have no dendrites, have no response to mechanical stimulation of any strength applied at either location (Fig. 4A,B , gray markers). In contrast, both control neurons and neurons with regenerated dendrites responded to strong stimuli applied at either location, demonstrating that the regenerated dendrites are, in fact, functional ( Fig. 4A-D) .
Regenerated arbors do not recover full function. The number of action potentials elicited by mechanical stimulation is significantly reduced in regenerated neurons compared with uninjured control neurons (P < 0.05, twoway ANOVA) (Fig. 4A,B ). This demonstrates that regenerated class III dendrite arbors detect sensory stimuli differently from uninjured neurons, potentially due to the alterations that we observed in dendrite architecture (Fig. 2B ).
Regenerated dendrites are deficient in pruning
After initial outgrowth, dendrite pruning is a subsequent step in the refinement of neuronal connectivity in many organisms (Schuldiner and Yaron 2015) . In Drosophila, class IV da neurons undergo developmental pruning during metamorphosis as pupae (Kuo et al. 2005; Williams and Truman 2005) . Calcium transients occur in specific branch units followed by dendrite branch severing proximal to the cell body, fragmentation of the distal dendrites, and engulfment by the adjacent epidermal cells (Kanamori et al. 2013; Han et al. 2014) . Following complete clearance of the dendrite arbor, a new dendrite arbor is elaborated for the adult animal. Would the alterations in dendritic architecture that we observed due to injury have any effects on later dendrite refinement, pruning, and regrowth in the adult?
In order to look at the consequences of the architectural alterations that we observed in regenerated class IV arbors, we examined pruning during the pupal phase in neurons that had gone through balding and regeneration as larvae. We found that all of the regenerated arbors that we observed were pruned precociously. At 4 h APF (after pupal formation), before pruning begins in earnest in uninjured arbors, regenerated arbors have already fragmented many branches (Fig. 4E ). At 7 h AFP, when uninjured arbors are beginning to sever primary branches at points proximal to the cell body, many regenerated arbors have already completed the whole process of pruning, including fragmentation of the dendrites and clearance of the debris. Pruning of regenerated dendrites not only is precocious but also occurs in a different sequence than uninjured dendrites. Normally, branch severing proximally to the cell body is the first step in pruning, followed by fragmentation of the distal detached dendrites. However, in regenerated dendrites, fragmentation of the distal dendrites occurs before severing. Thus, one consequence of the alterations seen in regenerated dendrites is defects in later arbor pruning. In light of the altered pruning, we wondered whether those neurons that have already regenerated a dendrite arbor once following injury were capable of regrowing another arbor in the adult. To examine this, we balded larval neurons, allowed them to regenerate in the larvae and then go through pruning during metamorphosis, and subsequently examined the adult neuron. We used the v'ada subtype of class IV da neurons, whose dendrite arbors in the adult are easily imaged on the pleura or underbelly of the abdomen (Shimono et al. 2009 ). We found that adult neurons that had gone through an extra round of regeneration during the larval stages were indistinguishable from neurons that had never been injured (Supplemental Fig. S4 ). Thus, dendrite regeneration during the larval phases does not affect the ability of the neuron to regenerate a second time during later metamorphosis.
Electrical activity plays a key role in regeneration
What is the mechanism that allows neurons to sense that their dendrites have been injured? Uninjured dendrites are depolarized in response to sensory stimuli, but, after dendrite balding, neurons without dendrites will no longer be depolarized by sensory stimuli (as shown in Fig. 4A-D) ; thus, we hypothesized that electrical activity might play a role in the detection of dendrite injury. In order to test the role of electrical activity in dendrite regeneration, we overexpressed the inward rectifier K + channel Kir2.1, also known as KCNJ2, in the class I and class IV da neurons. Overexpression of this channel electrically silences neurons by hyperpolarizing them-reducing the probability of action potential firing-but does not affect spontaneous neurotransmitter release (Baines et al. 2001 ). In uninjured class IV da neurons, expression of Kir2.1 caused a reduction in branching, most obvious in older neurons, but did not decrease the total arbor length ( Fig. 5A-D) . In uninjured class I da neurons, Kir2.1 expression did not change dendrite development at all (Supplemental Fig.  S5E-H) . Neuronal activity regulates dendrite spines and dendrite maintenance in other systems (Wong and Ghosh 2002) , but we found that neuronal activity plays only a minor role in the development of these da neurons.
In comparison with these mild developmental effects on uninjured neurons, Kir2.1 expression drastically reduced regeneration after injury. In class IV da neurons, Kir2.1 expression almost completely blocked dendrite branching and prevented any increase in total dendrite length after injury ( Fig. 5A-D) . In class I da neurons, Kir2.1 expression markedly reduced the amount of branching after injury (such that these neurons did not regenerate enough branches to catch up to uninjured neurons of the same genotype) and also diminished the lengthening of the dendrite arbor ( Fig. 5E; Supplemental  Fig. S5E-H) . In contrast to the manipulations that equally change both developmental and regenerative branching (Supplemental Fig. S2 ), Kir2.1-expressing neurons have an underregeneration phenotype without a corresponding developmental underbranching phenotype.
The decreased regenerative growth of Kir2.1-expressing class IV da neurons after injury results in dendrite arbors that cover less body wall territory than either uninjured Kir2.1-expressing neurons or regenerated wild-type neurons (Fig. 5D ). We found that other manipulations that electrically inactivate the neuron by altering potassium, such as overexpression of the outward rectifier K + channel ORK or the Shaker K + channel EKO (White et al. 2001; Nitabach et al. 2002) , also prevent class IV da neurons from properly regenerating their dendrites after balding injury, resulting in decreased coverage of body wall territory ( Fig. 5D; Supplemental Fig. S5A-D) . Altogether, this suggests that electrical signaling of da neurons plays a key role in dendrite regeneration after injury.
To test whether subacute inactivation would be sufficient to block regeneration, we used the GeneSwitch system to drive expression of Kir2.1 only after treatment with the drug RU486 (Nicholson et al. 2008) , starting 24 h before dendrite balding to allow the neuron to differentiate and develop normally. We verified Kir2.1 expression by imaging the Kir2.1-GFP (Fig. 5F, insets) . RU486-induced expression of Kir2.1 caused no significant defects to uninjured neurons but almost entirely blocked dendrite outgrowth after injury, similar to the effect of chronic Kir2.1 expression ( Fig. 5F,G) , indicating that Kir2.1 expression during and subsequent to the injury is sufficient to block dendrite regeneration.
Dendrite balding does not alter dendritic characteristics or cell fate
Are the neurites that the neurons extend after dendrite balding actually dendrites? Previous reports suggested that regenerated neurites are in fact dendrites based on the cytoskeleton and cytoskeleton-associated proteinsspecifically the orientation of microtubule polarity, localization of the Apc2-GFP transgene, and a requirement for dynein transport (Stone et al. 2014) . To further address this question, we found that, in class III neurons, the presence of these neurites is required for firing action potentials in response to a mechanical stimulus ( Fig. 4A-D) . Moreover, in class IV neurons, we found that the DEG/ ENaC channels ppk1 and ppk26, which are necessary for the function of the dendrites in mechanical nociception (Zhong et al. 2010; Gorczyca et al. 2014; Guo et al. 2014; Mauthner et al. 2014) , are properly trafficked into regenerated dendrites and properly excluded from the axon (Fig.  6B,C) . Thus, our evidence suggests that these neurons are functionally acting as dendrites.
Are alterations in dendrite patterning due to cell fate changes caused by injury? To test for possible changes in cell type specification caused by injury, we immunostained for transcription factors that play a role in class specification and are highly expressed in subsets of da neurons (Grueber et al. 2003a; Dubois et al. 2007; Hattori et al. 2007; Jinushi-Nakao et al. 2007) . We found no difference in expression levels of the class IV-specific transcription factors cut or knot/collier 6 h after balding class IV da neurons ( Fig. 6A; Supplemental Fig. S6B ). We also looked at abrupt, which is highly expressed in class I da neurons, and found no difference in abrupt expression 72 h after balding class I da neurons (Supplemental Fig. S6A ).
In vivo dendrite injury alters regeneration
Thus, the expression of these transcription factors, which determine the different da neuron classes, seems to be unaffected by dendrite balding. In addition to transcription factors, we tested for balding-induced alterations in cell fate by looking at the expression of sensory receptors that are specific to different subtypes of da neurons. The DEG/ENaC channels ppk1 and ppk26, which are necessary for mechanical nociception, are normally specifically expressed by class IV da neurons (Zhong et al. 2010; Gorczyca et al. 2014; Guo et al. 2014; Mauthner et al. 2014 ). We showed above that these proteins are properly trafficked into regenerated dendrites and excluded from axons, but are they still expressed by the correct neuronal subtype? We found that, after balding, these class IV-specific channels are still specifically expressed in the class IV da neurons by immunostaining ( Fig. 6B,C) . We also tested for the expression of NOMPC, a mechanotransduction channel subunit expressed in class III da neurons but not class IV da neurons (Cheng et al. 2010; Yan et al. 2013 ). NOMPC was not detectable in either uninjured or regenerated class IV da neurons, while the immunostaining properly marked an adjacent uninjured class III da neuron (Supplemental Fig. S6C ).
Together, these data suggest that balding and regeneration do not induce cell type changes in class I or class IV da neurons, but instead the injured neurons retain their cell type identities.
Two-photon dendrite balding minimally affects adjacent glia and epidermal cells
In order to determine how the two-photon injury might affect the environment for regenerating dendrites, we examined the adjacent cell types to see whether they were also injured by the two-photon laser. At the time of injury, at 72 h AEL, glia wrap the axon and some of the cell body but not the proximal dendrites, so the glia are some distance away from the site of the two-photon injury. The glia have wrapped the axon and the cell body by 24 h after injury but do not wrap the proximal dendrite branches until 72 h after injury ( Fig. 6D ; Han et al. 2011) . At 72 h after (Inset) Twenty-four hours before injury, flies with ppk-CD4-tdTomato ppk-GS, UAS-Kir2.1-GFP were given RU486 or no drug to induce Kir2.1-GFP expression. (G) While drug treatment without injury did not alter dendrite morphology, RU486-induced Kir2.1 significantly decreased territory recoverage after balding compared with balded neurons with no RU486. (ns) P > 0.05; ( * * ) P < 0.0001 by one-way ANOVA with Tukey's multiple comparisons test. n = 11 neurons without RU486 and 10 neurons with RU486. Bar, 50 μm. injury, we saw no gross alterations to their morphology when wrapping uninjured versus regenerated arbors. Thus, changes in glial morphology do not account for alterations in regenerated dendrite morphology.
Epidermal cells form a sheet adjacent to the dendrites and are directly next to the dendrites at the time of injury. The two-photon laser, properly focused on the dendrite branch, should only minimally affect the tissue above and below the branch. Using a β-catenin armadillo-GFP fusion to mark the outlines of the epidermal cells, we observed that the epidermal cells looked normal in many segments where the neuron had been balded and regenerated ( Fig. 6E, middle row) . Even in segments where balding had killed the adjacent epidermal cell, the neuron was capable of regenerating its dendrite arbor over that area (Fig.  6E, bottom row) . This suggests that the minimal damage that two-photon treatment may cause does not impede growth of dendrites after injury.
Discussion
A framework for studying dendrite regeneration Our work establishes a framework for addressing the central but almost unstudied question of how neurons Figure 6 . Class IV dendrite balding and regeneration do not permanently alter expression of the class-specific transcription factor cut, receptor sorting and trafficking, glial wrapping, or epidermal cells. (A) Immunostaining for the transcription factor cut did not show significant differences in expression level between neurons 6 h after balding versus control cells. (B,C ) Immunostaining for ppk1 (B) and ppk26 (C) show sorting and trafficking of the mechanoreceptors into the somatodendritic compartment and exclusion from the axon in both uninjured control neurons and neurons 72 h after balding and regeneration. (D) Glial cells, marked by the repo promoter driving expression of CD4-tdTomato, wrap the axon and cell body at 24 h after balding and also the proximal dendrites of both control neurons and regenerated neurons at 72 h after balding. (E) Adjacent epidermal cells whose borders are marked by β-catenin arm GFP are sometimes uninjured by balding (middle row) and sometimes ablated by the balding injury (bottom row), but neurons are capable of regenerating dendrites in either case. Bars: A,D, 10 µm; B,C,E, 50 µm.
In vivo dendrite injury alters regeneration GENES & DEVELOPMENT 1785 might recover from dendrite injury in intact animals. It had been shown that dendrite regeneration does not require the JNK injury-sensing pathway required for axon regeneration after injury, suggesting substantial differences between axon versus dendrite regeneration (Stone et al. 2014 ). However, regenerated dendrites have not been examined to see how well they compare with dendrites elaborated by uninjured neurons. We found that PNS neurons have a robust ability to regenerate their dendrites to restore the original number of branches and that somatodendritic sorting and cell fate are unaltered. However, there are a number of essential differences between normal and regenerated dendrites.
The key differences that we identified between uninjured and regenerated dendrites are due to a combination of changes in both the environment and the patterning of dendrite regrowth.
The embryonic environment that young uninjured dendrites encounter during early development is different from the larval environment that regenerating dendrites must later traverse, at the very least in terms of the size of the territory to be covered. During larval development, the size of the territory that each neuron is responsible for increases >20-fold, so, over time, more and longer dendrites are required to cover this territory fully. We see that, eventually, neurons balded at later stages are unable to regenerate to meet this increasing demand, as class IV neurons balded at 72 h AEL cannot form enough branches to recover to uninjured levels. Signaling cues from adjacent cells are also likely to change across developmental time; for example, from the epidermal cells that these dendrites touch (Jiang et al. 2014) .
In addition to environmental differences, the intrinsic patterning of dendrite outgrowth is altered after injury. The branches that are formed fail to fully self-avoid, resulting in patterning defects due to deficiencies in both integrin-mediated and DSCAM-mediated self-avoidance. Genetic mutations have been identified that perturb either pathway, but, to the best of our knowledge, this is the first manipulation that affects both self-avoidance pathways. In effect, injury causes these neurons to ignore or override many of the patterning cues that normally constrain their growth in favor of recovering a functional dendritic arbor.
Together, the differences in environment and patterning result in a regenerated arbor architecture that is dramatically different from that of an uninjured neuron. Thus, while all of the PNS neuron subtypes that we tested have the ability to regenerate their dendrites, the regenerated arbors are not likely to function exactly the same as uninjured neurons. This is demonstrated by consequential alterations in functional response to sensory stimuli and precocious pruning during pupation.
Separating dendrite regeneration from dendrite scaling growth
Because the baseline arbor of these class IV da neurons is dynamically changing during development, in some con-ditions, it is hard to distinguish scaling growth from dendrite regeneration in response to injury. To address this, we (1) performed parallel experiments in class I da neurons whose stable arbors do not form any new branches in the absence of injury, (2) demonstrated that alterations in self-avoidance and pruning are specific to regenerated class IV dendrites, and (3) identified neuronal activity as a pathway that specifically regulates regenerative dendrite growth with only minor effects on normal developmental growth. Thus, only by comparing growth after injury with the growth of uninjured neurons can we determine what is injury-induced growth versus normal dendrite scaling.
Neuronal activity in dendrite maintenance and regeneration
There is a well-known role for neuronal activity in regulating dendrite spines and dendrite maintenance in other systems (Wong and Ghosh 2002) . We found that neuronal activity plays no role in the initial development of class IV da neuron arbors, only a minor role in the later development of class IV da neurons, and seemingly no role in the development or maintenance of class I da neurons. However, hyperpolarizing these neurons by overexpressing K + channels significantly blocks regeneration after injury. Hyperpolarizing these neurons might block their ability to sense an injury signal or respond to an injury signal. Alternatively, hyperpolarizing these neurons might obstruct the function of dendrite maintenance pathways. The idea that dendrite regeneration and maintenance are independent pathways is supported by the evidence that class I neurons overexpressing Kir can maintain their arbors perfectly well but fail to regenerate fully following dendrite injury.
Comparison with other studies of dendrite regeneration
While research on dendrite regeneration has been extremely limited, it is valuable to compare what we found with how neurons in vivo respond to dendrite injury in other systems. While we observed dendrite regeneration in all of the classes of da neurons that we examined, not all invertebrate neurons are capable of dendrite regeneration. In Caenorhabditis elegans, Chung et al. (2006) used a femtosecond laser to sever the dendrites of the neuron PHA as well as the osmotic avoidance neurons AFD and ASH and did not observe any dendrite regeneration by these neurons or any functional recovery of osmosensation. Wu et al. (2007) also failed to observe any regeneration of severed phasmid neurites of PHB and PHA neurons but did observe dendrite sprouting in half of the cases when the ciliated amphid sensory dendrite of the chemosensory AWB neuron was severed, suggesting that some chemosensory dendrites can regenerate. Therefore, dendrite regeneration is not a guaranteed response to dendrite injury.
In some systems, the distal dendrite branch is not cleared after severing. In leeches, after mechanically or optically detaching a neurite branch from the rest of a PD neuron, the proximal neurite grows into the distal fragment's territory even though it is still there (Wang and Macagno 1998) . These data suggest that, after branch severing, a defect in self-avoidance mechanisms occurs in either the proximal attached or distal detached neurites. This failure to avoid severed neurites is perhaps comparable with the increase in self-crossing events, both contacting and noncontacting crossings, that we observed in regenerated dendrites of balded class IV neurons. The difference is that, in leeches, self-avoidance fails between an intact proximal neurite and the severed distal neurite, while, in fly larvae, self-avoidance fails between sister dendrite branches of the same fully regenerated dendritic arbor.
It is important to consider that the magnitude of the injury may affect the response of the neuron. When a single dendrite branch of a class IV da neuron was severed, no defect in self-avoidance was observed (Sugimura et al. 2003) . Severing a single dendrite branch in vivo in the mouse cortex resulted in no change to the branching architecture of the dendrite proximal to the site of injury, although it may have altered spine morphology (Sacconi et al. 2007a,b) .
These studies do not address the question of whether regenerated dendrites retain the ability to form functional synapses. Our work shows that the regenerated dendrites of sensory neurons can recover the ability to respond to mechanical stimuli. As the dendrites of larval da neurons do not form synaptic connections with presynaptic partners, this system cannot be used to address the regeneration of synaptic circuits. Other work suggests that the formation of functional synapses after input loss is possible. For example, recent work in the zebrafish retina suggests that, after postsynaptic neurons are killed, newly born neurons can form synapses with the presynaptic partners but only during a limited time window (Yoshimatsu et al. 2016 ). More systems to study dendrite regeneration will be required to address whether dendrites regenerated by injured, but not killed, neurons can form functional synapses.
Materials and methods
See the Supplemental Material for full details on Drosophila strains, two-photon dendrite injury and imaging, quantification of regeneration, immunostaining, analysis of self-crossings, GeneSwitch drug-inducible transgene expression, and electrophysiology used in this study.
Two-photon injury and imaging
Dendrites were severed from da neurons by focusing a Chameleon two-photon 930-nm laser mounted on a custom-built Zeiss fluorescence microscope at every primary branch point proximal to the cell body in a modified version of a previous assay (Song et al. 2012; Stone et al. 2014) . Neurons were imaged ∼24 h after injury (to confirm that all dendrite branches had been severed) and 72 h after injury (to assess regeneration). Mock-injured control neurons are uninjured neurons from the same larvae.
Quantification of regeneration
We traced dendrite arbors using the Simple Neurite Tracer plugin in ImageJ to determine the number of dendrite branch tips and the total length of all the dendrite branches. On these traced arbors, we performed Sholl analysis of dendrite branches crossing circles separated by 5 µm. To determine percent territory coverage, we measured the total area of the hemisegment by locating the segment boundaries and midline and then measured what fraction of that area had dendrite branches from the neuron of interest. Bar graphs are shown ±standard error of the mean.
Immunostaining
Larvae were filleted and fixed for 30 min in 4% paraformaldehyde at room temperature after the final imaging time point. Nonpermeabilized staining using PBS exclusively was used for ppk1, ppk26, and NOMPC antibodies; PBS with 0.01% Triton-X was used for all other immunohistochemistry.
Self-crossings
Contacting versus noncontacting crossings were determined by imaging anesthetized animals with a 63× objective with fine Zslices, as before . As the total length within the field of view was different for different genotypes and conditions (Supplemental Fig. S3B ), the number of self-crossing events was normalized to the total length within the field of view.
